We provide experimental evidence that spontaneous cracking in silica-poly(vinyl alcohol) aqueous suspensions is significantly suppressed at high Peclet numbers (Pe). The cracking event in drying suspension coating was quantified by measuring numbers of nucleation points per unit area from acquired time-lapse video images. Direct imaging revealed that increases in Pe, i.e. the film shrinkage rate relative to the particle diffusion rate, postponed the secondary crack nucleation and the inter-crack connection to thicker films. The primary nucleation was first suppressed and then enhanced as increasing Pe, resulting in a remarkable morphology transition from ladder-like to distinct star-like cracks.
Introduction
When a thin colloidal suspension is dried on a substrate, particles on the air−liquid interface tend to assemble via capillary forces. A curved liquid meniscus between neighboring particles recedes to promote a lower liquid pressure than atmospheric, which draws in and concentrates more particles toward the evaporating interface. The particle assembly induces a particle layer in the vicinity of the air-liquid interface when the characteristic time scale for the film shrinkage, h 0 /e, is sufficiently short compared to that for the random particle motion by diffusion, h 0 2 /D, where h 0 is the initial film thickness, e is the film shrinkage rate, and D is the particle diffusion coefficient. The former time scale relative to the latter has been defined as the Peclet number (Pe). Assuming the Stokes−Einstein's diffusion coefficient, the Peclet number is simply given as Eq. (1).
.
Here µ is the suspension viscosity, R is the particle radius, k is the Boltzmann constant, and T is the absolute temperature. Previous studies have shown that a distinct particle layer grows at high Peclet numbers of Pe~10 (Routh and Zimmerman, 2004) , whereas the particles are readily re-distributed in liquids to give homogeneously drying films at Pe~0.01 (Ludwig et al., 2007) . As the drying progressed, air begins to invade the pores between particles and remaining liquid-rings at inter-particle contacts promote capillary forces to compress the particles. The arising local tensile stress promotes spontaneous crack nucleation in coatings when the stress exceeds a critical value. Previous stress measurements Russel, 2004, 2005; Lan and Xiao, 2007; Singh and Tirumkudulu, 2007) and the theoretical modeling (Tirumkudulu and Russel, 2005) obtained lower critical stresses at higher particle loadings for binder-free suspensions, showing that concentrated suspension films are more likely to crack at lower stresses. Thus, we expect that the particle layer formation at higher Pe gives rise to more cracks in suspension surfaces. In this study, we show opposing evidence that the cracking is significantly suppressed at high Pe in particle-binder suspension coatings.
Experimental

Suspension preparation
Silica particles with an average radius of R = 23 nm and a negative zeta potential of -38.1 mV were stabilized in distilled water without the aid of surfactants. The organic binder used was 98.0−99.0 mol% hydrolyzed poly(vinyl alcohol)(PVA, Kurary kT R eh Pe 0 6πµ = Co.) with a degree of polymerization of 1,700. The PVA powders were dissolved in distilled water and stirred for 4 h at above 333 K to obtain a homogenous polymer solution. The PVA solution was then slowly added to the silica suspension, filtered through a nylon mesh, and continuously stirred maintaining a constant temperature of 318 K. The initial particle-to-binder weight ratio (r) ranged between 3.0 and 5.0, whereas the solid weight fraction, i.e. amounts of particle and the binder in the solutions, was fixed at 8 wt%. The shear viscosity of the suspension was measured using a vibro-viscometer (VM-10A, CBC Co.) and found to be µ = 6.96 mPa•s at r = 5 and 298 K.
Visualization
The suspension was cast on a clean glass substrate at 298 K using a blade coater (model-411, Erichsen GmbH & Co. KG) to obtain films 8 cm wide. The initial film thickness, h 0 , was measured using a con-focal laser displacement meter (LT8110, Keyence Co.), and ranged between 20 and 60 µm with an uncertainty of 2 µm. The coating was then mounted on a transparent, conductive glass heater (MP-10DMH, Kitazato Supply Co.) pre-heated at T = 333 -355 K by regulating the current through the glass. A slit nozzle was set upon the coating surface with a clearance of 100 mm. Filtered air at a temperature of 348 K and exit velocity of u = 2 -5 m/s was vertically impinged through the 9 mm wide slit onto the coating. The center of the drying coating was directly visualized from underneath the transparent heater using an upright CCD microscope (VH5000, Keyence Co.) at varying magnifications and captured in real time using a digital video recorder (DMR-E500H, Panasonic Co.). The corresponding visualization area was 380 µm × 280 µm or 1.46 mm × 1.09 mm. The use of a transparent heating plate enabled us to monitor the cracking behavior without disturbing the airflow in the upper gas phase. A substantial light source was set along the nozzle surface in order to enhance the image contrast. The experiments were conducted at a relative humidity ranging between 20 and 45%.
Crack surface density
The crack nucleation event was quantified by measuring the number of cracking points per unit visualization area, i.e. the crack surface density. Three distinct crack densities, PN, SN, and CN, are respectively defined as the number of points at which an isolated primary crack nucleates, that at which a secondary crack nucleates from an existing crack, and that at which a propagating crack connects or merges with a neighboring one. A detailed description of the crack quantification procedure is given elsewhere (Yamamura et al., 2009) . In order to quantify the crack morphology, we calculated the crack connectivity relative to the total density as c = CN/(PN+SN+CN). We obtained the minimum connectivity of c = 0 when few inter-crack connections were observed (CN~0). In contrast, when each secondary crack propagated until it merged to a neighboring crack (SN~CN) and few isolated cracks nucleate (PN~0), we obtained the maximum connectivity of c = 0.5.
Peclet number
We estimated the Peclet numbers from Eq. (1) for different drying conditions. Typical conditions at three different substrate temperatures and two impinging air velocities are summarized in Table 1 . Table 1 . Table 1 . Table 1 . The mean film shrinkage rate, e, was calculated from the initial wet thickness divided by the measured drying time at which crack propagations stop. Indeed, the direct imaging showed that an opaque dry region, easily distinguished by gradients in the image contrast, passed through the visualization area just after the termination of crack propagation.
Results and Discussion
The time-variations in the crack surface-densities for three different Peclet numbers are shown in Figure  Figure Figure With a further increase in Pe, the primary nucleation density significantly raises within a shorter time before the suspension completely dried. In contrast, the secondary nucleation as well as the inter-crack connection revealed the opposite trend, i.e. the increase in Pe gives rise to drastic decreases in the crack densities (Figures 1(b) and 1(c) ). The calculated crack connectivity significantly drops from c = 0.36 to 0.02 with increasing Pe from 10 to 38, suggesting that cracks are less likely to propagate under Table 1 Drying conditions high Peclet number conditions.
The corresponding microscope images of the dried films display a particular Pe-dependent morphology transition. Distinct, star-like cracks were observed at high Pe (Figure 2 a a a  a) ) ) )). The direct visualization revealed that cracks in the former stopped propagating in a finite time, while most branched secondary cracks for the latter continuously propagated until they merged to neighboring primary cracks. At the intermediate Pe (Figure 2 Figure 2 Figure 3 , the former crack densities, PN, converge into a unique master curve with respect to Pe at different film thicknesses and the particle loadings, showing ambiguous evidence that the primary nucleation of isolated cracks can be identified by Peclet numbers in a particular high Pe regime. On the contrary, the interconnected cracking reveals two different trends: the sum of crack densities for the secondary nucleation and the inter-crack connection, i.e. SN+CN, decrease with increasing Pe in thin films (Figure 4(a) ), but those in thicker films are characterized by the film thickness rather than the Peclet number, independent of the film shrinkage rate ( Figure  4(b) ). In the intermediate connectivity of 0 < c < 0.35, we obtained no unique correlations for the crack density with either the Peclet numbers or the initial film thickness.
The thickness-dependent cracking in Figure 4 (b) implies that the crack propagation after nucleation is dominated by the averaged mechanical properties of the dried film. Indeed, this is qualitatively consistent with the previous experimental/ theoretical observations that the critical stress at cracking is determined by the final film thickness (Tirumkudulu and Russel, 2005; Singh and Tirumkudulu, 2007) .
To further test the role of film shrinkage rate, we compared the crack surface densities in dried suspensions of various initial film thicknesses, as shown in Figure 5 Figure 5
Figure 5 Figure 5 . For e = 0.4 µm/s, the sum of surface densities, PN + SN + CN, show a peak value of about 2500 mm -2 at h 0 = 25 µm. With increases in the shrinkage rate, there is a significant decrease in total crack density over all thickness ranges, and the dried sample at e = 1.5 µm/s has a peak density of 600 mm -2 at h 0 = 40 µm. The peak in total crack density is indicative of a thickness-dependent crack morphology transition. As shown in dotted curves in Figure 5b , the connectivity curves reveal three Fig  Fig Fig  Fig. . .
. 1 1 1 1 Variations in crack surface densities for (a) primary nucleation, (b) secondary nucleation, and (c) inter-crack connection as a function of time after the onset of the first nucleation; the initial thickness was 25 µm, and the particle-to-binder weight ratio was r = 5 Fig. 2 Final surface morphologies at (a) Pe =10, (b) Pe =15, and (c) Pe =38; the initial thickness was 25 µm, and the particle-to-binder weight ratio was 5 regimes in its response to thickness; thick samples involving the ladder-like cracks hold the calculated connectivity of c > 0.45 (Regime III), while the connectivity monotonically decreased with decreasing the thickness (Regime II), and eventually reaches c < 0.05 in sufficiently thin coatings (Regime I). The peaks in total crack density were observed in the intermediate Regime II, in which the ladder-like and star-like crack patterns combine in the coating. Thus, the morphology transition between the distinct Regimes I and III leads to show a maximum nucleation density at a certain film thickness. Interestingly, the connectivity curve was found to shift to thick coatings with increasing film shrinkage rate: a fast drying promotes less-connected crack patterns in thicker samples (see Figures 5(a) and 5(b)). Furthermore, the increase in shrinkage rate leads to a significant decrease in connectivity at a given thickness. These facts suggest the tuning film shrinkage rate not only suppresses the crack nucleation but also promotes a specific shift in cracking regimes with respect to the coating thickness. It is not immediately clear why the spontaneous crack nucleation and its propagation are suppressed at high Peclet numbers. We here simply note that a fast drying of polymer solutions can induce a polymer-rich layer at the air-liquid interface. Indeed, the development of a polymer-rich layer, referred to as skinning, has been observed in diverse systems such as binary (Alsoy and Duda, 1998) , ternary (Altinkaya and Ozbas, 2004) , and viscoelastic (Vinjamur and Cairncross, 2002) polymer solution coatings. If the polymer-rich top layer develops prior to the particle layer formation, the compressive capillary forces no longer act between particles because of few curved liquid menisci at the interface, and hence, the spontaneous cracking is possibly postponed to higher stress conditions. Although few experimental data are currently available to validate this hypothesis, the present results based on the direct film visualization could form the basis for the fundamental understanding of how the cracking is suppressed under high Pe conditions. Fig. 4 Variations in sum of surface densities for secondary nucleation and intercrack connection with initial film thickness for c > 0.35 and Pe > 10; the particle-to-binder weight ratio was r = 5
